Effects Of A Nearby Mn Delta Layer On The Optical Properties Of An Ingaas/gaas Quantum Well by Balanta M.A.G. et al.
UNIVERSIDADE ESTADUAL DE CAMPINAS
SISTEMA DE BIBLIOTECAS DA UNICAMP
REPOSITÓRIO DA PRODUÇÃO CIENTIFICA E INTELECTUAL DA UNICAMP
Versão do arquivo anexado / Version of attached file:
Versão do Editor / Published Version
Mais informações no site da editora / Further information on publisher's website:
https://aip.scitation.org/doi/10.1063/1.4902857
DOI: 10.1063/1.4902857
Direitos autorais / Publisher's copyright statement:
©2014 by AIP Publishing. All rights reserved.
DIRETORIA DE TRATAMENTO DA INFORMAÇÃO
Cidade Universitária Zeferino Vaz Barão Geraldo
CEP 13083-970 – Campinas SP
Fone: (19) 3521-6493
http://www.repositorio.unicamp.br
Effects of a nearby Mn delta layer on the optical properties
of an InGaAs/GaAs quantum well
M. A. G. Balanta,1,a) M. J. S. P. Brasil,1 F. Iikawa,1 J. A. Brum,1 Udson C. Mendes,1,b)
Yu. A. Danilov,2 M. V. Dorokhin,2 Olga V. Vikhrova,2 and Boris N. Zvonkov2
1Instituto de Fısica “Gleb Wataghin,” Unicamp, 13083-859 Campinas, SP, Brazil
2Physico-Technical Research Institute, Lobachevsky State University of Nizhni Novgorod,
603950 Nizhni Novgorod, Russia
(Received 13 August 2014; accepted 15 November 2014; published online 25 November 2014)
We investigated the effects of nearby Mn ions on the confined states of a InGaAs/GaAs quantum
well through circularly polarized and magneto-optical measurements. The addition of a Mn delta-
doping layer at the barrier close to the well gives rise to surprisingly narrow absorption peaks in the
photoluminescence excitation spectra. The peaks become increasingly stronger for decreasing
spacer-layer thicknesses between the quantum well and the Mn layer. Most of the peaks were iden-
tified based on self-consistent calculations; however, we observed additional peaks that cannot be
identified with quantum well transitions, which origin we attribute to an enhanced exciton-phonon
coupling. Finally, we discuss possible effects related to the exciton magneto-polaron complex in
the reinforcement of the photoluminescence excitation peaks. VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4902857]
INTRODUCTION
The achievement of growing good quality III-V diluted
magnetic semiconductors opened new possibilities for spin-
tronic applications.1–3 The main interest is to combine the
optical and electronic properties of semiconductors with the
magnetic properties produced by the magnetic ions. The
additional degrees of freedom from those hybrid structures
make it possible to envisage the development of novel
electro-optical devices. The dimensionality of the system
plays a significant role in the coupling between the electronic
states and the magnetic ion.4,5 Much attention has been
devoted to the GaAs:Mn system, where substitutional
Mn acts as an acceptor as well as a magnetic impurity, an
especially attractive material with high optical quality.6
In particular, structures based on GaAs structures with
Mn delta-doped layers have been proposed as an alternative
to attain high Mn concentrations, in order to achieve the fer-
romagnetic phase at higher critical temperatures.7 Based on
this idea, structures including a quantum well nearby a Mn
delta-doped layer have been proposed as an alternative that
provides efficient optical emission. A key point is to find an
optimal compromise for the distance between the Mn layer
and the quantum well in order to achieve high-quality optical
properties, while preserving the coupling between the hole-
gas and the Mn ions to observe magnetic ordering.8 The
investigation of the optical properties of those structures pro-
vides useful information for the development of practical
devices based on those hybrid structures.
We present a detailed investigation of the optical prop-
erties of a series of samples consisting of an In0.17Ga0.83As/
GaAs quantum well (QW) with a Mn delta-layer at the
barrier, where the distance between the QW and the Mn
layer was varied, including a reference sample without Mn.
We performed photoluminescence (PL) and PL excitation
(PLE) measurements, including circular polarization analysis
and the effect of an external magnetic field (up to 15 T). The
assignment of the observed PLE peaks was based on the
results of calculations of the electronic states of our struc-
tures using a self-consistent model that takes into account
the charge accumulated along the structure. Surprisingly, we
observed the emergence of several sharp PLE peaks as the
Mn doping was brought closer to the QW, even though all
samples present comparable carrier concentrations and simi-
lar PL spectra. Furthermore, we observed an unusual doublet
of two PLE peaks that cannot be ascribed to any regular QW
transition. We discuss possible origins for the arisen of the
sharp absorption features induced by the presence of Mn
near the QW interface. QW interface roughness accentuated
by the Mn ions may localize the carriers and promote the
interaction of localized exciton with the Mn ions, similar to
bound magneto polarons. Furthermore, the exciton in-plane
localization favors the exciton-phonon coupling, a possible
origin for the additional PLE peaks that cannot be ascribed
to QW transitions.
EXPERIMENTAL DETAILS
Optical measurements were carried out in a series of
samples with different space layers thicknesses (dSL) separat-
ing the Mn delta-layer and the quantum well and a reference
sample without the Mn doped-layer. The samples were
grown by a combined technique of metal-organic hydride
epitaxy and pulsed laser deposition. On the first stage, we
have grown an undoped GaAs buffer layer (200 nm), an
InxGa1xAs QW (10 nm, x 0.16) and the GaAs spacer
layer (dSL¼ 2.5, 4.0, and 8.0 nm) by metal-organic hydride
epitaxy at high temperature (600 C). The precursors were
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trimethylgallium, trimethylindium, and arsine. For the refer-
ence sample, a delta C-doped layer was introduced by dop-
ing with carbon tetrachloride. On the second stage, we have
used a Q-switched YAG:Nd laser ablation of Mn and GaAs
targets for growth of the delta Mn-doped layer and the GaAs
cap-layer, respectively, all in the same epitaxial reactor. The
Mn content in the delta-layer is 0.1 monolayer (ML) and
the thickness of the GaAs cap-layer is 12 nm. The substrate
temperature was maintained at 400 C, which ensured the
epitaxial growth of GaAs according to results of investiga-
tions by X-ray diffraction and transmission electron micros-
copy.9 PL and PLE measurements were performed using a
Ti:Sa laser and a S-1 Photomultiplier coupled to a 1 m dou-
ble spectrometer.
Theoretical calculations were performed within the para-
bolic bands and envelope function approximations, where we
solved self-consistently both, the Schr€odinger and the
Poisson’s equations. The parabolic approximation is justified
by the fact that the heavy- and light-hole bands are split due
to the compressive strain of the InGaAs QW. We assumed
that Mn diffuses into GaAs forming an alloy with an effective
concentration that includes substitutional and interstitial Mn
atoms. The effective concentration was obtained by fitting the
measured two-dimensional hole-density. The GaMnAs lattice
parameter is larger than GaAs, therefore, it is also slightly
strained compressed. It is well known that Mn diffuses prefer-
entially forward the growth direction;10,11 therefore, we mod-
eled the Mn diffusion as a double-gaussian with a broader
shape towards the surface with a 2 nm line width towards the
surface and a 1 nm line width towards the QW.
RESULTS
Figure 1 shows a set of PL and PLE spectra at
T¼ 10 K. All samples were grown using identical nominal
values for the InGaAs composition and QW thickness. The
slightly variation of the peak energy of the QW emission
band is attributed to growth variability. The most significant
feature is the fact that we observe a series of remarkably
narrow absorption peaks in the PLE spectra of the Mn
doped samples, particularly on those where the Mn doped
layer is closer to the QW, while the PLE spectrum from the
reference sample without Mn shows rather broad step-like
features characteristics of the density of states of two-
dimensional systems.
The lower energy peak of each PLE spectra corresponds
to the fundamental QW transition (e1-hh1), which can also
be observed for the reference sample. The QW hole concen-
tration estimated from the Stoke shift energy between the
PLE and PL peaks is presented in Table I. All samples have
similar carrier concentrations. For the reference sample, a C
delta-doping layer was included on the back GaAs barrier at
10 nm from the QW in order to obtain a similar hole-
concentration from those of the Mn doped samples.5
Furthermore, all samples present very similar PL line widths
(ranging between 5 to 9 meV), which indicates similar QW
interface roughness degrees. The observation of sharp fea-
tures solely for samples where there are Mn ions nearby the
QW states is therefore quite surprising.
The attribution of the main PLE peaks based on our calcu-
lations is presented in Fig. 1. We observed a good agreement
between the theory and the observed energy peaks. We point
out that for Mn doped samples, we observe PLE peaks associ-
ated to both conventionally allowed (e1-hh1, e1-hh3, e1-lh1)
and forbidden (e1-hh2) transitions for a symmetrical QW.
Fig. 2 shows a diagram of the structure with the calculated
wave-functions for the dSL¼ 2.5 nm sample. The presence of
FIG. 1. PL (lines with circles) and PLE (continuous line) spectra for the
samples with different space layer thicknesses between the QW and the Mn
layer (dSL¼ 2.5, 4.0, and 8.0 nm) and the reference sample without Mn.
Attributions of the PLE peaks based on theoretical calculations are indi-
cated. Symbols (square and star) indicate two PLE peaks that do not corre-
spond to any QW transition.
TABLE I. Quantum well hole concentration.
dSL (nm) 2.5 4.0 8.0 Reference sample
p ( 1010 cm2) 1 3 5 7
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the Mn-layer gives rise to a minor asymmetry on the wave-
functions parities, so that the wave-function overlap for QW
forbidden transitions is different from zero. However, this
small asymmetry is not consistent with the strong intensity of
the forbidden transitions observed for samples with small sepa-
rations between the QW and the Mn layer. For instance, the
calculated overlap associated to the e1-hh2 transition is 1600
times smaller than that of e1-hh1 transition, while the experi-
mental results indicate a stronger oscillator strength for e2-
hh2. Furthermore, two clearly resolved PLE peaks observed
around 1.40–1.42 eV cannot be attributed to any QW transi-
tion. These points will be further discussed below.
Figure 3 presents the results of circularly polarized PLE
measurements using rþ and r– excitation and detection of the
rþ polarized emission at T¼ 10 K. We also show in Fig. 3, the
circular degree of polarization defined as: Pol¼ ( Irþ Ir)/
(Irþþ Ir), whereas Irþ/ is the r emission intensity under
rþ/ excitation and rþ detection. The obtained polarization
degree curves are surprisingly smooth, even for energies corre-
sponding to the sharp PLE peaks. For e1-hh1 resonant excita-
tion, the polarization degree attains rather larger values for all
samples, ranging from 65% to 85%. For increasing excita-
tion energies, the polarization degree shows a small decreasing
tendency, as expected when the excitation becomes increas-
ingly non-resonant. The sharp decrease of the polarization
degree at higher energies indicates the threshold of the e1-lh1
transition, as the angular momentum conservation for light-
holes (Sz¼61/2) transitions gives rise to inverted spin-
polarized carriers as compared to heavy-holes (Sz¼63/2)
transitions.12 For even larger excitation energies, the polariza-
tion degree corresponds to a complex mixture of various possi-
ble excitation transitions, so that it becomes difficult to identify
specific polarization degree features associated to higher
energy levels. First, we point out that the identification of the
sharp PLE peaks is well consistent with the measured polariza-
tion degree. Furthermore, we notice that the two unidentified
peaks around 1.40–1.42 eV do not give rise to any noticeable
disturbance on the polarization degree curve. In fact, the polar-
ization curve shows an undisturbed smooth behavior from the
e1-hh1 transition up to the e1-lh1 transition, passing by the
peaks attributed to the e1-hh2 and the e1-hh3 transitions as
well as by the unidentified doublet with no noticeable altera-
tion. The results, thus, indicate that the unidentified doublet
should also be associated to heavy-hole related transitions.
Figure 4 shows the evolution of the PLE spectrum for
the dSL¼ 4 nm sample as the temperature is increased. All
transitions present a red shift as expected and the sharp fea-
tures tend to vanish with increasing temperatures, revealing
that the peaks are associated to weakly bound states. At
100 K, we can still fairly perceive the main optical transi-
tions identified at 10 K, but they basically assume a step-like
shape characteristic of QW confined states.
Finally, optical measurements with magnetic fields up to
15 T along the sample growth direction revealed a complex
FIG. 2. Diagram of the calculated electronic structure with the resulting
wavefunctions for the sample with dSL¼ 2.5 nm.
FIG. 3. PLE spectra measured with rþ (solid circles) and r- (open circles)
circularly polarized excitation and rþ (solid circles) detection for the set of
samples space layer thicknesses between the QW and the Mn layer
(dSL¼ 2.5, 4.0, and 8.0 nm) and the reference sample without Mn. The result-
ing circular polarization degrees (continuous line) are also shown (left axis).
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picture. Fig. 5 presents the results of PLE as a function of
magnetic field for the dSL¼ 2.5 nm sample. From the mag-
netic field dependence of the PLE peak energies, we can esti-
mate the in-plane reduced masses associated to those
transitions. The heavy-hole transitions present a slightly
lighter in-plane reduced mass as compared to the light-hole
transitions, consistent with previous results on InGaAs/GaAs
QWs without Mn doping.13,14 An important result is that the
observed magneto-shift from the two unidentified PLE peaks
is analogous to those presented by all peaks attributed to
heavy-hole transitions, further corroborating that the addi-
tional PLE peaks are associated to heavy-hole states.
DISCUSSION
On the whole, several aspects of the results from our op-
tical measurements are consistent with good quality QW
structures. All samples present line widths of the order of
5–9 meV, which are reasonable values considering that
they are alloy QWs with a delta-doped layer at their barriers.
The PLE results from circular-polarization degree, tempera-
ture dependence, and magneto-optics are all consistent with
weakly bound excitonic states from a high-quality QW.
There are, however, some peculiar points. First, the
emergence of the sharp PLE peaks seems to be triggered by
the presence of a Mn delta-doped layer close to the QW.
This is a very surprising result as we would expect that Mn
ions close to the QW should reduce the optical efficiency of
the QW emission, either by providing an additional radiative
channel associated to Mn impurity levels or by creating non-
radiative channels due to defects, which should also broaden
up the optical transitions and degrade the excitonic features.
Furthermore, similar samples without the Mn layer but with
similar acceptor doping do not show these extra peaks.
Second, our calculations show a good agreement with most
of the PLE peaks and the expecting polarization degree but
they do not explain the origin of the two additional PLE
peaks. The energy of those two unidentified peaks is rather
close to each other giving rise to a doublet-like structure that
clearly does not fit within a normal expected distribution of
QW energy levels. The fact that they are well resolved peaks
indicates bound states with a sizeable oscillator strength. The
appearance of the doublet-like peaks also seems to be associ-
ated to the presence of Mn ions close to the QW interface,
but their polarization degree dependence and magneto-shift
suggest that they are related to QW heavy-hole states.
Let us first examine the possible effects of the Mn dop-
ing. First, we do not expect to observe a ferromagnetic phase
without a finite external magnetic field. However, the pres-
ence of Mn atoms near the QW interface might be a source
of potential fluctuations. It is reasonable to expect that the
Mn diffusion combined with the non-optimal growing condi-
tions of the top GaAs layer gives rise to a significant inter-
face roughness that localizes the excitons. Furthermore, the
presence of Mn close to the interface may generate an addi-
tional localization effect that occurs even at zero magnetic
field, the magnetic polaron effect. For instance, this effect
was observed in CdTe/(Cd, Mn)Te QWs and it was charac-
terized by a red-shift of the fundamental transition with
increasing magnetic fields.15–19 The bound magnetic polaron
has its origin in the Mn spin exchange interaction with the
electron and hole states and it is only present when the in-
plane wave-function is non-homogenous, which is the case
FIG. 4. Temperature dependence of the PLE spectra for the sample with
dSL¼ 4 nm.
FIG. 5. Map of the PLE spectra as a function of the magnetic field for the
sample with dSL¼ 2.5 nm The optical emission intensity (colour scale) is
presented versus the energy emission (vertical scale) and the applied mag-
netic field (horizontal scale).
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due to the localization associated to interface roughness.
Although this is an excitonic state, we do not expect a signif-
icant effect in the electron states since the s-d exchange term
is rather weak. In contrast, the p-d exchange term is rather
strong. In addition, the potential barrier for holes in our
structure is smaller than that for electrons. In our case, the
bound magnetic polaron effect should, thus, mainly modify
the QW hole states. In summary, the electron states should
remain mainly symmetric in the QW, as obtained by our cal-
culations (Fig. 2), while the hole states should be signifi-
cantly localized and pushed towards the Mn-doped interface.
Therefore, the bound magnetic polaron could explain the rise
of the sharp PLE peaks and their dependence with the Mn
doping layer position. As the Mn layer is located further
away from the QW interface, this effect should fade away
and the peaks should become less pronounced and disappear
for the sample without Mn. The strong asymmetry between
the electron and hole wave-functions, in this case, would
also explain the presence of strong peaks for the nominally
forbidden QW transitions. Magneto-polarons can be formed
in two-dimensional systems even in the absence of interface
localization.20 The presence of the interface roughness,
which is a likely effect of growth conditions in our samples,
reinforces the magneto-polaron effect. As we will discuss
below, our results support the presence of the interface local-
ization in the magneto-polaron effect.
The magneto-optical results are, however, rather puz-
zlingly as we do not observe the characteristic red shift with
increasing magnetic fields usually associated to bound mag-
neto polaron.15 The red shift is explained by an increasing
alignment of the magnetic ions with the magnetic field. The
fact that we do not observe a red shift but, instead, an almost
linear weak blue shift may be attributed to the relatively
large spatial separation between the Mn doping layer and the
QW confined carriers. In fact, due to the spatial separation
between the QW and the Mn diffusion, the delta-doped layer
it is reasonable to assume that the localized exciton in our
QW effectively couples with a reduced number, or even with
a single Mn ion. Our system can thus be compared with the
limiting case of a quantum dot with a single magnetic ion.
The exciton-magnetic ion coupling has been observed in
QDs, including InAs QDs doped with a single Mn ion, as a
splitting of the fundamental state into sharp emission lines
under zero magnetic field.21 With increasing magnetic fields,
the QD lines show a very weak blue shift, a consequence of
the compensation between the exciton-Mn coupling and the
diamagnetic shift.
We thus propose that our results can be a consequence
of the exciton localization at the InGaAs/GaAs interface
near the Mn doping layer induced by interface roughness
and strongly enhanced by its coupling with Mn ions. The
coupling with the Mn, although present, is probably quite
diminished as compared to the usual bound magnetic polaron
due to the relatively large spatial separation between the QW
excitons and the Mn ions, which explains the small magneto-
shift observed.
Finally, we discuss the origin of the two extra PLE
peaks. They cannot be associated to a QW transition and the
exciton-Mn coupling solely does not offer an interpretation.
A possible origin is associated to excitonic polarons involv-
ing the coupling of excitons and phonon states. Excitonic
polarons have been observed in QDs when the reduced den-
sity of states contributes to reinforce the absorption for pho-
tons with energies equal to the fundamental QD exciton plus
the energy of a phonon.22 The effect is less usual for QWs,
even though it has been observed for some special struc-
tures.23 The exciton localization at the interface due to the
interface roughness and amplified by the bound magneto po-
laron effect should induce a three-dimensional exciton con-
finement similar to quantum dots, which may give rise to an
enhanced exciton-phonon coupling. The observed energy
separation between the fundamental e1-hh1 peak and the
additional PLE peaks are 28 and 34 meV, which are fair
agreement with the reported LO and TO phonons for a simi-
lar InGaAs QW of 33 and 36 meV, respectively.24 The
exact nature of these coupling is rather complex as it requires
a detailed description of the phonons in the structure, which
is beyond the scope of the present work.
SUMMARY
In conclusion, we presented a detailed study of the opti-
cal properties of Mn-delta doped GaAs-InGaAs QWs with
different space layer thicknesses between the Mn layer and
the QW interface. We observed remarkably sharp PLE peaks
for the samples, where the Mn layer was closer to the QW
interface. Most of these transitions were assigned to QW
transitions in good agreement with self-consistent calcula-
tions, except for a doublet-like structure 30 meV below the
QW fundamental transition. We attributed the enhanced os-
cillator strength associated to the sharp PLE peaks to an
exciton-Mn coupling effect. From one side, this coupling
originates from the QW interface roughness and the presence
of the Mn ions. On the other hand, the coupling must give
rise to an enhanced localization of the holes in the QW that
explains the observation of forbidden QW transitions and
excitonic polarons.
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1I. Zutić, J. Fabian, and S. D. Sarma, Rev. Mod. Phys. 76, 323 (2004).
2T. Dielt and H. Ohno, Rev. Mod. Phys. 86, 187 (2014).
3M. Tanaka, S. Ohya, and P. N. Hai, Appl. Phys. Rev. 1, 011102 (2014).
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